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Modulating the concentration of the actin-binding
protein Ena/Vasp within the lamellipodium of a migrat-
ing fibroblast results in marked changes in lamel-
lipodium behaviour and actin network organization
at the cell’s leading edge. This can explain a cell motil-
ity paradox.
Members of the Ena/Vasp family of actin-binding
proteins play key roles in a number of actin-based
types of cell motility (reviewed in [1]). Each Ena/Vasp
has binding sites for F- and G-actin and is located in
focal adhesion complexes and at the tips of lamellipo-
dia and filopodia in motile cells. Recent work has led
to an apparent paradox in Ena/Vasp function. The
Ena/Vasp concentration within a lamellipodium is
found to be increased in proportion with an enhanced
rate of protrusion [2], and Ena/Vasp proteins are
required for maximum rate of intracellular movement
of the pathogenic bacterium Listeria monocytogenes
(reviewed in [3]) — but Ena/Vasp function within the
lamellipodium decreases the speed of migrating
fibroblasts [4]. Elegant new findings in migrating rat2
fibroblasts [5] have provided a solution to the mystery:
Ena/Vasp regulates the dynamic behaviour of the
lamellipodium in a way that can explain both the
increased rate of protrusion and decreased cell speed.
Furthermore, the switch in lamellipodium behaviour
correlates with an altered actin filament network orga-
nization within the lamellipodium.
In line with the earlier observations [2,3], Bear et al.
[5] found that the instantaneous rate of protrusion 
is increased in lamellipodia with excess Ena/Vasp
(Figure 1A, thick arrow). But lamellipodia protrude tran-
siently, as increased Ena/Vasp is also linked with an
increased frequency of retraction of the lamellipodium
(Figure 1A, thin arrow). The resulting net distance that
the lamellipodium protrudes — and thus the net pro-
trusion rate — is decreased in these cells compared 
to lamellipodia without Ena/Vasp (Figure 1, compare 
A and B). These data are consistent with both the
precise way in which Listeria move in cells — a con-
venient model system for studying lamellipodium 
protrusion — and the decreased cell migration speed
when Ena/Vasp is present. High resolution imaging of
Listeria in cells revealed that the bacterium’s motility
is the sum of a series of transient, rapid bursts of
movement [6], exactly the behaviour of lamellipodium
protrusion in the presence of Ena/Vasp.
Cell migration is a complex process. Net forward
movement of a cell is composed of subtypes of cell
motility: protrusion of the lamellipodium at the front of
the cell; cell body translocation; and rear margin retrac-
tion and release [7]. During cell migration, the overall
distance the entire cell moves forward is proportional
to the net distance the lamellipodium protrudes. The
overall cell speed is thus proportional to the net pro-
trusion rate. The observed Ena/Vasp-mediated reduc-
tion in overall cell speed [4] is therefore an expected
consequence of the way these proteins induce a
decrease in net protrusion rate [5]. But protrusion per
se is not required for forward movement of the cell
body and rear [8,9]. This argues that the decrease in
overall cell speed when the net protrusion rate is
decreased by Ena/Vasp more likely reflects a pathway(s)
for overall coordination that must exist between sub-
types of cell motility during cell migration. Of course,
Ena/Vasp may also directly regulate forward move-
ment of the cell body and rear independently of lamel-
lipodium protrusion.
Hints to how Ena/Vasp may coordinate the variety
of dynamic cytoskeletal processes that contribute 
to cell movements have come from studies of Ena/
Vasp depletion [5]. In Ena/Vasp-depleted lamellipodia
(Figure 1B), both the instantaneous rate and frequency
of lamellipodial retraction are decreased — so that
protrusion is more persistent — with an increase in
resultant net protrusion rate compared to lamellipodia
with excess Ena/Vasp (Figure 1, compare A and B,
double headed arrow). This switch in dynamic behav-
iour of the lamellipodium correlates with a reorga-
nization of the actin network in the lamellipodium
(Figure 1, compare A and B). When the net protrusion
rate is increased by Ena/Vasp depletion, actin fila-
ments are shorter and highly branched (Figure 1B).
And when transient bursts of lamellipodium protrusion
are induced by excess Ena/Vasp, actin filaments are
longer and more sparsely branched (Figure 1A). These
findings are not specific to rat2 fibroblasts, as they
can be duplicated in a cell line devoid of all known
Ena/Vasp proteins. Regulation of Ena/Vasp activity
may thus turn out to be an important general way of
controlling actin network organization.
Ena/Vasp promotes actin filament elongation by
blocking capping protein binding, thereby releasing
capping-protein-mediated inhibition of filament growth
[5]. How filament branching is suppressed by Ena/
Vasp is not yet known. Presumably Arp2/3-dependent
branching of filaments [10] is indirectly suppressed by
Ena/Vasp, as Ena/Vasp and Arp2/3 bind to spatially
distinct sites on the actin filament – the former binds
at or near the barbed end, and the latter at the pointed
end and on the sides.
In these experiments [5], only a change in filament
length, and not in branching frequency, appeared 
to be important in switching between transient and
persistent lamellipodium protrusion. Filament branch-
ing is, however, required for the initiation of protru-
sion during the initial conversion of a resting cell to a
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migrating cell [11]. This may uncover a role for fila-
ment branching in another type of lamellipodium pro-
trusion behaviour not obvious in the rat2 system, but
one perhaps more specific to initiation of cell migra-
tion. Another possibility that will need to be tested is
whether the Ena/Vasp-regulated switch in lamellipodium
protrusion behaviour depends on Ena/Vasp function
only in the lamellipodium and not in focal adhesions,
as found for Ena/Vasp control of cell speed [4,12].
While these data neatly explain the paradox, Bear et
al. [5] did not explicitly consider morphological cell
polarity, which is abolished when Ena/Vasp is in
excess in the lamellipodium (cited as unpublished
observations); in these conditions, instead of there
being a single lamellipodium at the front of the cell,
many lamellipodia protrude all the way around the
cell. As productive forward movement of a migrating
cell requires protrusion of a single lamellipodium at
the front of the cell, Ena/Vasp-induced protrusion of
multiple, depolarized lamellipodia is expected to
reduce cell migration speed or even completely inhibit
migration. Clearly, maintaining a single lamellipodium
and controlling net protrusion rate are both important
requirements for regulating overall cell migration
speed and cell behaviour. Regardless of the precise
molecular mechanism underlying Ena/Vasp regulation
of cell migration speed, it is clear that lamellipodium
behaviour itself is modified when actin network
organization within the leading edge is altered. The
question is, how?
In the elastic Brownian ratchet model [13], lamel-
lipodial protrusion involves actin filament bending,
which allows intercalation of monomers between the
filament end and the plasma membrane; subsequent
filament re-straightening provides the force to push
out the membrane. The actin network must be anchored
by crosslinks or links to the substratum so that force
from filament re-straightening drives the membrane
forwards, rather than driving the network backwards.
The actin filaments must be long enough to bend and
intercalate (assemble) monomers effectively, but short
and therefore stiff enough to push effectively against
the membrane.
Amazingly, the experimental data of Bear et al. [5]
almost perfectly match predictions of the model (Alex
Mogilner, personal communication). Effective protrusion
requires an optimal free-actin filament length — the
distance beyond the last crosslink — of 70–200nm.
Maximum protrusive force, and thus the fastest rate of
instantaneous protrusion, is predicted to be obtained
at a free-filament length of about 120nm. This is exactly
the measured free-filament length and protrusive
behaviour of lamellipodia containing excess Ena/Vasp.
Conversely, in Ena/Vasp depleted lamellipodia, the
free-filament length is about 50nm, which falls below
the lower optimal length limit of 70nm, explaining
slower instantaneous protrusion rate in this situation.
There is, however, a price to pay for the fast instan-
taneous protrusion seen with the longer 120nm fila-
ments. Opposing the protrusive force is membrane
tension which acts to pull back (retract) the lamel-
lipodium. The shorter, 50nm filaments would be
incredibly stiff and much better at resisting membrane
tension, allowing more persistent protrusion, whereas
lamellipodia containing the longer and less stiff 120nm
filaments would tend to retract more frequently —
both are consistent with the experimental data. As
well as these biophysical points there are also bio-
chemical considerations. As G-actin is limiting for fila-
ment assembly in the lamellipodium of migrating cells
[14], Ena/Vasp promotion of instantaneous protrusion,
and thus filament assembly rate, may transiently
deplete the local G-actin fuel required for further
assembly. This would transiently destabilize the lamel-
lipodium, explaining the increased retraction fre-
quency in these cells, until more fuel is provided by




Figure 1. Lamellipodium behaviour and
actin network organization when the
concentration of Ena/Vasp is
experimentally modulated in the
lamellipodium of migrating cells.
(A) Transient protrusion. Ena/Vasp is in
excess within the lamellipodium. The
instantaneous rate of protrusion is faster,
but net protrusion is slower, because of
the increased frequency of retraction of
the lamellipodium. Actin filaments are
longer and sparsely branched within the
lamellipodium. (B) Persistent protrusion.
Ena/Vasp is depleted from the lamel-
lipodium. The instantaneous rate of pro-
trusion is slower, but net protrusion is
faster due to increased protrusion persis-
tence. Actin filaments are shorter and
highly branched within the lamellipodium.
 Instantaneous protrusion 
 Cell margin retraction
 Net protrusion
 
Long, sparsely branched actin filament network
Short, highly branched actin filament network
Ena/Vasp enriched Ena/Vasp depleted
A B
Current Biology
Several challenges remain. Physiologically, when
might regulating the activities of Ena/Vasp control
protrusion behaviour? And when is switching protru-
sion behaviour important? One prediction is that
Ena/Vasp controls conversion between filopodial and
lamellipodial-type protrusions. Filopodia are com-
posed of bundles of long, crosslinked filaments, and
as expected for longer filaments, they protrude rapidly
but transiently in multiple directions to probe the envi-
ronment. Interestingly, Ena/Vasp, but not capping
protein, is concentrated at the tips of filopodia (J. Bear
and G. Strasser personal communication), allowing
Ena/Vasp to promote filament elongation. 
The potential to switch lamellipodium protrusion
behaviour and regulate morphological polarity is essen-
tial during chemotaxis [15]; such switching occurs, for
example, when cell-turning decisions are made (my
unpublished observations). To reach a target a migrat-
ing cell must be morphologically polarized and persis-
tently protrude in a single direction. In this case,
Ena/Vasp activity should be switched off to induce
persistent protrusion and maintain morphological
polarity. But once a cell reaches its target, morpholog-
ical polarity is abolished and the cell stops migrating,
or, in the case of a turning decision, morphological
polarity is transiently lost and many lamellipodia pro-
trude until a new direction is specified. In this sce-
nario, Ena/Vasp activity should be switched on to
induce transient bursts of protrusions in many direc-
tions, whilst the cell seeks the new direction of move-
ment. Although these predictions have yet to be
directly tested, when Ena/Vasp function is perma-
nently inhibited in embryos, neuronal cell positioning
is defective [16], perhaps because neuronal growth
cones are incapable of probing the environment with
depolarized, transient bursts of protrusion — the pro-
posed function of active Ena/Vasp.
As Ena/Vasp is normally present in motile cells,
there needs to be a way of switching Ena/Vasp activity
on and off. This mechanism has not yet been deter-
mined for the lamellipodium, but in vertebrates the
regulation of cell migration speed by Ena/Vasp has
been found to require Ena/Vasp activation by phospho-
rylation [12]. As active Ena/Vasp is needed to promote
transient bursts of protrusion, this predicts that con-
version to transient protrusion requires phospho-
rylation of Ena/Vasp, whilst conversion to persistent
protrusion is mediated by dephosphorylation. Simi-
larly, dephosphorylating Ena/Vasp should switch a
longer, less branched actin filament network to a
shorter, highly branched filament network. We have
long sought to understand how cell morphology and
cell motility are regulated biochemically. The recent
studies of Ena/Vasp may not only shed new light on
both, but also take us one step closer to a biophysical
explanation of protrusion mechanism and distinct
types of protrusion behaviour.
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